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Presents the design of a system to  orientate a balloon-borne hstrupnent 

package about a vertical axis, An 

independent p h o t o b p h k  recordhg system masures the azimuth angle with 

respect t o  the star P o l a r i s  t o  + Ooloo The btr-t package is rotated 

against a l ight  weight reaction w h e e l  w h k h  is designed for  maxhm rmment 

of inertia, 

motor, 

instnmtent package t o  be orientated w i t h  respect to  the horizontal clwponent 

of the earth's field, 

in the north-south plane and is  t i l ted a t  an angle w i t h  the vertical which 

Pointing a ccu~?~~y  obtained is + 1, Sos - 

.I) 

A pulse-wklth modulation system is used t o  drive the orienrcltion 

A fluxgate magnetmeter, used for  the  sensor element, causes the 

The instrument, a gamma-my telescope, is oriented 

will correspond with the elevation of the suspected ganana-ray source when 

the source crosses the local mridian6 
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I~JTRODUCTI Ol? 

One r e q d r e m n t  of m y  modern ballocn-borne exierments i s  that  t he  

orientation of t he  ins t rment  package about a ver t ica l  axis be fixed with 

respect to  a p r e - c k t e d e d  set of cmrdinates. A typical  experiment having 

such a req&ement i s  a search f o r  gama-rav sources using a telescope 

developed a t  the School of physics and Astronomy, Universit’y of Mhesota, 

Eiis te lesmpe consists  of an array of pzr t ic le  detectors including photo- 

graphic nu,zlear emulsions, sc in t i l l a t ion  counters, spark chambers, and a 

gas Cerenkov counter4 

The, physical s i ze  of t h i s  detector a m y  is large compared t o  the  

electronics pdckhges, batteries, and a u x i l l h r y  equipnext, 

the en t i r e  ins t rment  package, contained i n  a pressurized cylindrical  container, 

a p p m x h t e l y  ,915 lil diameter and 2,13 m long, is hung at a fixed declination 

and oriented about t he  ver t ica l  axis  so tha t  suspected sources sweep through 

the lJpensn,.: an@ of the  telescope, 

is supported by a trapeze-type framwork, with t h e  capability of t i l t i n g  the 

detector packa,Te at angles of I O o  t o  2 6 O  fm the ver t icala  

packaEe welch? a p p m x h t e l y  250 kgp 

orientatiori systen are that no p a r t  of the  m e c h a n i s m  is  t o  ?rotrmde into  the 

f i e id  of vieh of the detectar, and that the amount of material above the  

ht.xizmtal plane axitai,nbg the upper end of t h e  detectors i s  minimizedd 

Tor t h i s  reason 

In our suspension sy;tern, t he  cy ihde r  

The ent i re  

The physical constmints on the  

MEW4ICAL DESIGH 

The objectives of the mechanical design of our systen are t o  couple the 

i n s t m n t  package t o  t h e  balloon in a way that allows the instrument package 

tc rotate &&,ut the  ver t ica l  axis with respect t o  the balloon, t o  provide 

adequate strength t o  withstand the  shocks of launching, parachute openbg, 

and landing, and t o  provide a reliable method of orienting the h s t r w e n t  
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Package 0 

bcorporeted the drive mechanism which ro ta tes  the instrument p a w e  

ag&t the reaction w h e e l  in to  the suspension system, 

main elernents of the  suspension systemd 

made by standard f lexib le  steel cables and cable f i t t ings ,  

bearing h the top p la te  al lows the instrument package t o  rotate with 

respect t o  the balloon. 

the difference h hgths between the cables used t o  attach the ins.trument 

package t o  the balloon, If the top p la te  is not perfectly horizcpltal when 

the package is suspended from the balloon, the  universal jo in t  w i l l  prevent 

the  thrust bearkg from binding, 

We m u t e d  our reaction wheel above the  ins t rment  p a d g e  

Figure 1 sbm the 

The a t t a c m t  to the ballocol is 

The thrust  

The universal jo in t  is  used t o  canpensate f o r  

The safety cables and safety plate ,  with its thrust bearing, are a 

backup system for the universal joint ;  they w i l l  support the hstrment 

package i f  the shock of parachute opening breaks the universal jo in t ,  

The reacticm wheel is a lightweight 11,9 kg structure on the general 

&sign of a bicycle wheel, Za75 m dim, 

aluninm t u b h g ,  

cable; standard control cable f i t t i n g s  are used t o  secure the ends of 

the cables to the r a  and hub, 

a l h m  plate,  15 , 2 an diameter and separated by 20.3 cm, 

bicycle wheel design, the M l w  spokes are arranged so that they are 

nearly tangential  to  the hub at  the pohts of attachment, in ordm t o  

t r a s ~ t  me maximum torque t o  the r i m  for  a given tension in the spoka~ .  

The reaction w h e e l  i s  fastened to  a stainless steel shaft, 1,59 cm dhmter, 

This shaft is threaded on both ends; the upper end screws in to  the buttcan 

end of the universal joint ;  a nut on the bottm end of the shaft beare 

against a t h i n g  belt  pulley which, in turn, bears against the thrust hara 

The r i m  is made of 2.54 an s q m  

The spokes are made of ,16 cm steel aircraft contml  

The flanges of the hub are made of 1,27 cm 

Following t h e  
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beneath the top beam, 

The timing belts and pulleys (T, Re Wood's Sons' Capany, Chanbrsburg, 

Pa,) , constitute a 25:l speed reduction coupling between the  mtor and the  

shaft, and enable the motor t o  rotate the reaction w h e e l  with respect t o  the 

i n s t n m n t  packagee Thus, the instrument package fmm the balloon and as 

the drive shaft f o r  the orientation system, 

I n i t i a l l y ,  several designs for using the  balloon as a reaction wheel we= 

considered,, 

pmchu te ,  by which the instrLpnent package is lowered t o  earth at the  termination 

of the  f l igh tg  is t o  be used as the coupling b e m e n  the balloon and the  h s t r w e n t  

package, In th i s  a m g e m e n t ,  the  shroud lines of the  parachute and the instrupnent 

package constitute a 'multifilar' pendulun whose free osci l lat ion fmqtbency i n  

the rotathal.mode is  given by 

These designs are incompatible with the  requirwent that the  

1/2 
w = Cr/k) (g/l) 

w h e r e  'ut is the natunal frequency, 'k' is the  radius of gymtion of the  

inshrpnent package, 'r' is the effective circle of sepamtion of the  shroud 

lines, OlY is the length of the shroud l ines,  and (g' is the acceleration of 

gravity, 

pendulum freqwncy f o r  our system was calculated t o  be , 4  radians/second, 

F h m  the  measured valws of (l', 'k', and 'r', the m a t i f i l a r  

The natural f reqeney of our 0;Zrientation system, f o r  a torqw gradient of 

,25 newton-m/ra&an and a moment of inertia of 35,4 kg-m2 i s  ,26 radians/second, 

These two frequencies are close enough t o  each other t o  create a difficult 

design problem i f  the balloon is used as the reaction whml, 

problem is  ma& mre difficult by o w  i n a b i z t y  t o  predict parameters such as 

air damping and bearing f r i c t ion  at the balloon operating al t i tude,  

r ig id ly  coupling the reaction wheel and the instrument package, most of the 

The design 1 

By 
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hheren t  design d i f f i cu l t i e s  can be avoided, I n  the developxmt of OUT design 

m found t h a t  it is inportant that the  reaction wheel be coupled t o  t h e  

balloon and tha t  the instrument padcage be cowled to  the reaction w b e l ,  

If the reaction wheel is mounted on the  bottom of the  instmrment package, 

and the orientation svstern attempts t o  orient  the  instrument oackape, the  

f r i c t i o n  of t h e  th rus t  bearing between the  balloon and the  instrument 

package will cause the  pamchute shroud l ines  t o  t w i s t  and store energv, 

Then, when the instrument package is  properly oriented, and the motor 

stops, the shruud l ines  w i l l  untwist and rotate the i n s t m e n t  package 

away f r o m  the proper orientation, 

f r ic t ionless  bearing, the  system of the  reaction wheel, b s t m e n t  package, 

If the  thrust bearing was an idea l  

an6 motor would he incapable of zcquirinfl; a v  angular mmntun with resnect 

t o  an external reference, Homver, the nonlinear frTction of the beariny 

w i l l  c o q l e  t h e  bstrurnent Dackage t o  t h e  balloon which in turn is coupled t o  

the e& throuFh aeroclymnk f r ic t ion ,  

muld a c q u h  angular rno!xentum when the motor ro ta tes  the  reaction xheel, 

and the systen could onlv dissi?ate t h i s  momentum through the f lexible 

coupling of the ?machute shmud l ines t o  the balloon, 

Under these conditions the svsten 

In  our design, on the 

other hand, motor torque overcornes the f r i c t ion  of the bearing betmen the 

i n s t m e n t  package and the reaction wheelt?mmgh a r ig id  c o m l h p ,  and the 

system does not acquire anv angular momentun, 

f r i c t i o n  i n  the  bearin? between t h e  reaction wheel and the balloon provides 

a smll mount of coupling t o  t5e balloon, and helqs t o  dissi?ate any 

angular mornenturn the  system m v  have acquired, 

In  o w  system, i r i  fact, the  
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The electronic circuitry used i n  the orientation servo system is 

essent ia l lv  i? pulse-width nodulation system, (See FiguE 2 ,  Drawin$ 1131-200, 1 

The pwer tmns i s to r s  which drive the orientation motor are operated as 

switches; they are e i the r  completelv o f f  or coqlet ,ely saturated, 

con tml  is achieved by c o n t r o l l k g  the duty cycle, or r a t i o  of conduction t h e  

of the Dower t rans is tors  t o  t o t a l  cycle t h e ,  

is 500 ifz, nuch faster than the reqonse  t h e  of the  mechanical svstem. 

Linear 

The pulse rP,ptj.tj.on frequency 

Consec-uently, the rmtor acts as an integmtor;  its t o q u e  is proportional 

t o  the average Tower delivered t o  it, An advantage of t h i s  svsten is the 

built- in di ther;  when the  svsten is near the nul'l position the i n p t  t o  the 

rotor is a series of n m w  mlses, which, i n  turn Frodue tom"ut3 impulses 

fm t h e  riotor a ~ d  hel? t o  overco% s t a t k  frictj-mi, ??le motor driver 

t rzns is tors  dissFnate a r6nhw-i  of Dower i n  th; s w s t e n ;  conseyentllr, 

elaborate hmt-sinks are unnecessarv, Another advantzqe i s  the ease of 

incoulporati5g additive tens  t o  the sirsten ms2onse fuxttor., %is clbi l i ty  

bearings, 

:n7hich ?reduces a nulse proportional in duration t o  the arpli-tude of the  error 

the second pulse has been acljustecl t o  compensate for the sta.t ic f r i c t ion  of 

the rnntor brushes and gondola susxnsior? hmrings and also t o  cwpenszte for 

the I,/?? the- constant  of t 5 e  notor? xinriings, 

added i n  t h  t o  y-mduce a drive 7ulse t o  the mtor of the function: 

The tvo sequential nuls2s are 

t = k C ) + ' ;  

illhe= 't' is the total duration of the drive pulse, 'k' is the gain of t\e 

P 
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servo systea, ' 0 '  is  the emr angle, and 'T' is the  duration of t h e  fixed 
I 

Vidth pulse, 

The senshg element used t o  orient  the  hs-nt package is a flux-gate 

magnetometer, (Type 1CJD-SC-l00NB, Schonstedt Instrument C q a n y ,  Silver  

Springs, Ekryland,) The output function of t h i s  mappetoneter is: 

E out = k (cos 0 )  CP 

where 'k' is a constant dependent on the m d e l  of t he  mapetometer, ' 0 '  is 

the angle between the  axis of the  sensor and the  magnetic f i e ld  vector, and 

'@' is the scalar intensity of the  magnetic f ie ld ,  

were encountered i n  using t h e  single axis mgnetomter,  althouEh the axis of 

the sensor was hopizontal, and therefore t he  emr signal was p r o y r t i o n a l  t o  

the  angle between the  axis and the horizontal comonent of the  earth 's  w e t i ?  

field,  

Because the error signal is  a low amplitude dc signal, a different ia l  t ransis tor  

p a i r  is used f o r  good temperature s tab i l i ty ,  I n  p i n c i n l e ,  several other inputs 

could be fed t o  the mixer-amplifier, suc l  as the o u t p t s  of rate z v r ~ s ,  ' 

techorneters, and other velocity-dependent signals, t o  provide dariping, o r  ' 

p m g r d n g  signals t o  compensate for the chaqe  i n  magnetic variation, 

basic tL-;l;-ng circuit for the  system is a simple u n i ~ u n c t i m  relaxation 

osci l la tor ,  followsd bv pulse-shaping c i rcu i t s  which yovide b t h  positive and 

110 part iculm d i f f icu l t i es  

The e m r  signal f r o m  t5e m g n e t m t e r  is fed into a mixer armlifier, 

The 

negative pulses a t  500 Hz, 

i n  the  Fliller integrator rarnp generator, 

is fed t o  a phase-splitter, which provides two nm?s of nemlv equal amplitude 

and opposite p02mity. 

phase s p l i t t e r  controls t3e saturation voltage of the phase mlitter, and 

The timer pulses charge the  i n t e g m t i r q  capacitor 

The ouwut of the !?iller integrator 

An adjustable section of t he  emitter res i s to r  i n  the 

also the effective deadband of the  systern, 
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The ramp voltages are compared t o  t h e  e m r  signal in two parallel 

discrirxhators, The 

signal i s  positive, and the  COJ discr imhator  w i l l  provide an output pulse 

discriminator w i l l  provide an output pulse i f  the  er ror  

i f  the e m r  signal i s  negative. Although one discriminator could have been 

used With a triangular wave reference, the  maximum duty cycle Fossible would 

have been 50 percent; our system can a t t a i n  a maximUm duty cycle of  nearly 

100 percent, 

is fed in to  a Schmitt trigger circuit; the regenerative feedback and hysteresis 

of t h i s  c i r c u i t  ensures tha t  the output signal w i l l  def ini tely be i n  either 

the '1' (positive) state, when the ran@, voltage is less than the emr 

signal; o r  the ' 0 '  (negative) state, when the ramn voltage is  greater than 

the e m r  voltage; with a minimum of switching the4 

c i rcu i t  i s  fed t o  a phase s p l i t t e r ,  r57hich prnvj-des both the s i g d  and i t s  

coriplemnt t o  the various logic circuits, 

crh-&nator pulse t r iggers  the fixed pulse generator, 

discriminator, the fixed pulse generator, and a protection or enable f l ip-  

flop circuit are combined in a logic c i r c u i t  t o  produce the input pulse t o  

The o w u t  of the  d i f ferent ia l  amplifier in the d i s c r h b a t o r  

'"he output of t h i s  

The t r a i l i n g  edge of the dis- 

The outputs of the 

the m t o r  driver circuit, 

The Boolean function of the  logic cixuit is, (for a positive ermr signal): 

Thus, f o r  a pulse t o  the m t o r  driver t o  be generated, the enable f l < p f l o p  m u s t  

be i n  the proper state and e i t h e r  the  discrimhator  or the fixed ~ u l s e  generator 

must be in the '1' stage, 



- 9 -  

The enable flip-flop has t he  important function of ensuring that only 

one 'polarity'  of drive pulse t o  the motor drive c i rcu i t  is produced i n  any 

one cycle, That is, i f  noise causes the  discriminators and the  fixed pulse 

generators t o  Droduce simultaneous pulses which imuld drive the m t o r  i n  hotb 

dixections a t  the s m  tine, the  enable flip-flop allows only one direction of 

m t o r  drive at any one t b ,  

by the negative-going t m i l i n g  edge of the discriminator pulse which ha5 the 

The state of the  enable flip- flop is  changed 

greater length and, therefore, more e m r  signal component. 

The motor driver circuit consists of a simple bridge circuit using RJP 

and TJPIJ t ransis tors  i n  complemntary symmetw, Reversed-bias diodes are 

connected across each t ransis tor ,  collector t o  emitter, t o  clamp any voltage 

transient generated by switching off the current through the motor windings, 

I n  such a bridge, great care must be taken that only those two t ransis tors  on 

opposite sides of the motor conduct a t  one time. This precaution is 

sa t i s f ied  bv the enable flip-flon, and bv the  design tha t  requires positive 

base drive f r o m  an external source. This design a l so  ensues  that the bridfje 

w i l l  not destroy itself i f  the regulated sup?ltj voltages t o  the  logic are not 

present e 

The operation of the  pulse-width mdulcation can best be understood bv 

tracing the signals thmugh a cycle With the a i d  of the  tirninE diagram 

InitiaLLy, assme a negative e m r  signal w s c h  is Inverted bv the mixer- 

The t h i n g  osc i l l a to r  pulses and resets the r a m y  t o  zero, amplifier, 

the ramp voltage is lomr in amplitude than the  e m r  voltage, t h e  01 dis- 

criminator i s  in the '1' state, Vhen the amylj-tude of the n q  voltage 

Because 

equals the m?litude of the e m r  signal the dscrirninator siqitdles t o  the 

' 0 '  state and, in sxitchinE, t r iggers  the ftxed pulse generator. 

the emble fli?- flop is i n  the proyer state, voltage will Se a?glied acmss 

the m t o r  windings as long as either the discriminator o r  the fixed pulse 

Assumins 



generator is i n  the '1' state, lis the  axis  of t h e  instrument ?arkage agpmaches 

the proper orientation the q E t u d e  of the emr signal an6 the duration of the 

discriminator pulse decreases until when the orientation i s  within the dead 

bxl, no dpive pulse i s  applied t o  the motor at all, If the axis  of the  

i n s t r m n t  cmsses the deadband the e m r  voltage Will reverse in polarity,  

the CCI.1 dscrb6.nator  Will produce Dulses, and after the f irst  pulse has 

changed the state of the enable f l i p f l o ? ,  the motor w i l l  turn i n  the opposite 

dimction , 

The m t o r  used i n  our svstern i s  an Inland T v p  T S 7 2 1  (Inland "tor 

Gorporstion of Virginia, hdfa rd ,  Virgin5.a). 

macgnet torque motor; that is, the  output torque is nearly r>ro?ortional t o  

the ayp l ied  voltage, over a wide rmge of angular velocities,  

voltage, or back emf, coefficient i s  vew low, 

for i t s  fzst res?onse and its high stall tov-ue. 

This motor is a permanent- 

The sFed 

'kis tme m t o r  was chosen 

Because the outnut of the m p e t o m t e r  is a dc si,gzial, the ins tab i l i tv  of 

the positive and negative 6 vol t  power swr,lies is  directlv Elated t o  the 

error i n  orientation, 

supplies are series regulators , &awhg t h e i r  ?ewer from the silver-zinc 

cells u s 4  t o  p o e r  the rest of the instnment ?ackap, 

I n  o w  &&p, t3e Fositive a d  necative 6 volt  

A tem?erzt?ae- 

compensated s i l icon breakdown &ode (Plotomla ZGR 2225) is used as the 

single voltage mference in the positive supplv. 

obtains its reference f r o m  the  positive regulated output wl tage ,  so that, 

i f  the -mference changes w i t h  temperature, the  ?ositive and negative voltages 

b511 c?.mEe equallv i n  magniturle. 

a p p r o x k t e l y  6 mi l l ivol t s  over the  t ememture  range from +25OC t o  -33OC, 

The only effect of chanFes i n  the  mtor S L Y ~ T ~  voltages is a s l iqh t  c?v.n~e 

in  systcn? gr3irj consoqwntlv, the n o t w  is su??lied direct177 f ~ n  the  

batteries. 

The negative s q p l y  

In  temrzture tests the  voltaces changed 



- 11 - 

The University of Plhnesota gama&ay telescope was flown from the NCAR 

f ac i l i t y  at  Palestine, Texas, on 16 October, 1966 and again on 1 2  Cecemkr, 

1966, 

reached its ceil ing of 140,000 f t ,  

The orientation system was  turned on bv p m d  conmand when the balloon 

Orientation was achieved within 30 seconds 

and held to within -. + 1,5* for 4 hours, the  duration of the f l ight ,  The 

orientation direction was monitored by tcx, 35 m cameras which were muted 

on the i n s t r m n t  package so that when orientation was  achieved the  star 

Folaris was i n  the f i e ld  of view of the cameras, 

cameras the film tmveled continuously, in a horizontal direction, t o  mcord 

the D i t c h  about the east-west axis, 

i n  a ver t ical  directian t o  record the azimuth angle, 

a scmple of the vert ically moving film, i l lus t ra tes  the pointiiw accuracv of 

I n  one of these shutterless 

I n  the  other camera the film traveled 

Fiqure 4, which shows 

the orientation svstm, 

t h i s  part of the film t o  compensate for t5e change in variation Ln the carth's 

The tmck of Polaris is  deliberate177 r-)Cf-center i n  

f i e l d  as the ballcon traveled fmn vest t o  east, 

The horizontal scale i n  Figure 4 is the actual field of view of the 

cawm, 

ermr angles and low geographical lat i tudes,  aporoximately 

The actual azimuth e m r  from t he  center of the film is, for small 

A field of v i e w  
A azimuth = cos(lati tu~) 

The lenses ir, +these m r a s  are 35 mlr &meter x 118  m, focal length. 

f i b ,  which travels at  a .linear velocity of 4.7 cm/min, , i s  Kodak Linagmph 

Shellburst , Esta-s Base, 

"he 
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The University of Minnesota gamna-ay telescope was constructed under 

IJASA Contract SC24-005-050(122) 

OXR contract Nonr-710(60), 

t o  Captah  T, C,  P l a y ,  IJSAF, for his assistance i n  the design of the orientation 

system; t o  Professor C ,  J, Waddington, for his criticism of th i s  m u s c r i p t ;  

and t o  the shop personnel of the School of Physics and Astmnomv who 

constructed the electronic and mechanical compnents of the orientation 

systen, 

Balloon flig??t services w e r e  funded by 

The author wishes to  express hi5 apmeciation 
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F'IGIJRF: CAPTIONS 

Figure 1: 

Figure 2: OrientatirJn c i rcu i t ,  

Fi,gure 3: 

Fi,me 4, 

Ilechanical design of suspension system, 

Timing diagram for the orientation circuit, 

S a q l e  of fi lm f r o m  azimuth monitoring cammi, 
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